The histidine-containing phosphocarrier protein (HPr) transfers a phosphate group between components of the prokaryotic phosphoenolpyruvate-dependent phosphotransferase system (PTS), which is finally used to phosphorylate the carbohydrate transported by the PTS through the cell membrane. Recently it has also been found to act as an intermediate in the signaling cascade that regulates transcription of genes related to the carbohydrate-response system. Both functions involve phosphorylation/dephosphorylation reactions, but at different sites. Using multidimensional 1 H-NMR spectroscopy and angular space simulated annealing calculations, we determined the structure of HPr from Enterococcus faecalis in aqueous solution using 1469 distance and 44 angle constraints derived from homonuclear NMR data. It has a similar overall fold to that found in HPrs from other organisms. Four b strands, A, B, C, D, encompassing residues 2±7, 32±37, 40±42 and 60±66, form an antiparallel b sheet lying opposite the two antiparallel a helices, a and c (residues 16±26 and 70±83). A short a helix, b, from residues 47±53 is also observed. The pairwise root mean square displacement for the backbone heavy atoms of the mean of the 16 NMR structures to the crystal structure is 0.164 nm. In contrast with the crystalline state, in which a torsion angle strain in the active-center loop has been described [Jia, Z., Vandonselaar, M., Quail, J.W. & Delbaere, L.T.J. (1993) Nature (London) 361, 94±97], in the solution structure, the active-site His15 rests on top of helix a, and the phosphorylation site N d1 of the histidine ring is oriented towards the surface, making it easily accessible to the solvent. Back calculation of the 2D NOESY NMR spectra from both the NMR and X-ray structures shows that the active-center structure derived by X-ray crystallography is not compatible with experimental data recorded in solution. The observed torsional strain must either be a crystallization artefact or represents a conformational state that exists only to a small extent in solution.
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Histidine-containing phosphocarrier protein (HPr) plays an important role in cellular metabolism and signal transduction. It acts as a phosphate group carrier in the phosphoenolpyruvate-dependent phosphotransferase system (PTS) found in prokaryotes and is part of a transmembrane transport system maintaining the flow of nutrient carbohydrates into the cell, at the same time phosphorylating the carbohydrates utilizing the energy from one phosphoenolpyruvate. All PTSs have one common feature, the catalytic phosphorylation of carbohydrates in conjunction with active transport across the membrane. The phosphate group stemming from phosphoenolpyruvate is transferred by enzyme I (EI) to HPr and from HPr via a cascade of proteins (enzymes IIA, IIB, IIC) to the carbohydrates transported. Phosphorylation/dephosphorylation of HPr occurs at position 15, a histidine acting as phosphate acceptor and donor (reviewed in [1] ). The phosphocarrier activity of HPr from Gram-negative micro-organisms is regulated by the activity of the HPr kinase/phosphatase [2±4], which shuts down the activity by phosphorylating a serine residue at position 46. Apart from this metabolic function, HPr has recently been found to also have a regulatory function in carbon catabolite repression, exerting control over expression of the genes that code for the components of the PTS itself. Here it is the phosphorylation of a serine residue, S46, by HPr kinase that controls the activity [5] .
HPrs are small monomeric proteins with a molecular mass of < 9.6 kDa. They have been purified and characterized from the following organisms: Escherichia coli [6] , Staphylococcus aureus [7] , Staphyloccocus carnosus [8] , Mycoplasma capricolum [9] , Lactococcus lactis [10] , Bacillus subtilis [11] , Salmonella typhimurium [12] , Enterococcus faecalis [3] , Lactococcus brevis [13] , Streptococcus mutans [14] , Streptococcus salivarius [15] , and Streptococcus pyogens [2] . Structures determined by X-raycrystallographic methods or utilizing NMR spectroscopy have been previously published for HPr from B. subtilis [16, 17] , Ent. faecalis [18, 19] , S. aureus [20] , and E. coli
Although known HPrs show a large variation in their amino-acid sequences, they show a very similar distribution of secondary-structure elements as well as the same overall tertiary fold. HPrs consist of a four-stranded antiparallel b sheet and two long and one short a helices arranged at one side of the b sheet. Within all HPrs, the residues H15, R17 and P18 are conserved and constitute the active site for phosphate transfer [25] . This site is situated perpendicular to the axis of the first helix (residues 18±27) in a wellordered loop. The regulatory phosphorylation site is located in the short a helix b (residues 46±53) which contains the conserved residues K45 and S46. HPrs from Gram-negative micro-organisms cannot be phosphorylated in the regulatory site, although they often still contain the serine residue at position 46. In contrast with the rule in most proteins, the pK a values of the active-site H15 imidazole amide groups N d1 and N :2 are such that, at physiological pH, the N d1 is not protonated, making it the likely acceptor for the phosphate group in the translocation reaction.
In the 0.16-nm-resolution crystal structure of HPr from Ent. faecalis, an energetically unfavorable (f,c)-angle combination at position 16 was detected [18] , and it was suggested that the torsional strain in the active-center loop of the protein may facilitate the phosphotransfer reaction. In a study utilizing restrained molecular dynamics of E. coli HPr [24] , the first evidence was presented that this may be due to the crystallization conditions used in determination of the X-ray structure of HPr from Ent. faecalis. In contrast, an NMR study of phosphorylated HPr from the same micro-organism indicated that a torsional angle strain may develop at position 15 after phosphorylation [26] . Subsequent NMR structural determinations of phosphorylated HPr from B. subtilis indicated that also in the phosphorylated state an unfavorable backbone torsion angle does not exist in this protein [27] . However, both proteins studied differ from HPr from Ent. faecalis in their amino-acid sequences, and it is often observed that equilibria between coexisting conformational states can be very sensitive to small sequence variations. The sequence identity of HPr from Ent. faecalis with HPr from E. coli is only 35%; that with HPr from B. subtilis is 60%.
By a coupling constant analysis, we could show that, in solution, at least the dihedral angle f of A16 in Ent. faecalis HPr clearly differs from the unfavorable angle found in the crystal structure of HPr of the same micro-organism [28] . In this paper, we report on the NMR structure determination of HPr from Ent. faecalis in aqueous solution, which will enable a detailed comparison with its crystal structure and a sensitive verification of structural differences by back calculation of the NOESY spectra from the 3D structures.
M A T E R I A L S A N D M E T H O D S
Protein purification and sample preparation HPr was obtained from the Ent. faecalis strain 26487 and isolated as described previously [10] . The samples used for spectral assignments contained < 5.0 mm HPr, 0. H-NMR spectra were recorded on Bruker AMX-500 and DMX-800 spectrometers operating at proton resonance frequencies of 500 and 800 MHz, respectively. All 2D and 3D spectra were collected in the phase-sensitive mode using the time-proportional phase-incrementation method [29] . Spectra were recorded at 278, 293, 303 and 308 K and calibrated to the chemical shift of 4,4-dimethyl-4-silapentanesulfonic acid at 0 p.p.m. NOESY [30] and TOCSY [31] 2D data sets were recorded with 4000 data points in the acquisition dimension and 512 data points in the indirect dimension. DQF-COSY spectra [29] were recorded with 16 000 data points in the acquisition dimension and 812 data points in the indirect dimension. NOESY spectra were recorded with a mixing time of 150, 200 and 300 ms, and TOCSY spectra were recorded with spin-lock times of 30, 60 and 90 ms using the DIPSI-2 [32] sequence for isotropic mixing. DQF-COSY spectra were obtained as described previously [33] . Three-dimensional homonuclear NOESY-TOCSY spectra were recorded as described [34] with an isotropic mixing time of 30 ms and an NOE mixing time of 100 ms with 2000 by 128 by 256 data points.
The time-domain data were processed using the software xwinnmr (Bruker, Karlsruhe, Germany); evaluation was performed using the program aurelia [35] . X-ray and NMR structures of HPr were obtained from the Brookhaven Protein Database and were visualized in molmol [36] .
Assignment strategy and determination of 3 J HN-Ha coupling constants
Sequential assignments were performed with the wellestablished standard strategy for homonuclear spectroscopy [37] . First partial-spin systems were identified in DQF-COSY and TOCSY spectra, which then were sequentially assigned from the NOESY spectra where possible. Additional assignments were made by back calculation of spectra using unambiguous assignments and co-ordinates of unrefined structures calculated from these data. This procedure was iteratively applied until the complete spectral assignment was obtained. Some ambiguous assignments were also solved by the analysis of the NOESY-TOCSY spectra. In spectral regions with no overlap, J-coupling constants were determined from a Gaussian-filtered 1D spectrum of HPr (spectral widths 8000 Hz, 32 000 time domain data points, 64 000 real frequency domain datapoints after Fourier transform). The remaining vicinal J-coupling constants were determined from an exponentially filtered DQF-COSY spectrum (spectral width 8000 Hz, 16 000 Â 812 time-domain data points, 16 000 Â 8000 real data points after Fourier transformation, line broadening factor 0.5 Hz). The antiphase signals were fitted to a Lorentzian line shape using the deconvolution routine in aurelia.
Iterative assignment of NOESY spectra
Using the relaxation-matrix approach [38] as implemented in the program relax [39] , the first approximate structures were used to back calculate NOESY spectra in order to drive the process of spectral assignment. These spectra were compared with experimental spectra, obviously correct cross-peaks assigned and in turn used for structure refinement. Using this process in a semiautomated fashion led to the assignment of most of the signals in the NOESY spectra. Comparisons were also made with the crystal structure [19] to aid in the first steps of this approach and to compare and judge the final structures.
Structure calculations
NOESY cross-peaks were integrated using the integration routine in aurelia and calibrated to the geminal H b -H b cross-peak of D66 set to 0.179 nm. The calculated distances were corrected for by factors implemented in dyana to take into account pseudo-atom effects arising from non-stereospecific assignments [40] . All non-pseudoatom constraints were converted into upper and lower bounds by addition or subtraction of a constant of 0.1 nm and 30% of the resulting distance. The main-chain f angles were calculated from the 3 J HN-Ha couplings using the Karplus equation [41] with the parameters previously described [42] . The distance and angle constraints obtained were used as input files for the high-temperature angular simulated annealing and dynamics protocol as implemented in dyana. The protocol consists of the generation of 440 random torsion angle structures using a random number seed. Each starting structure was subjected to restrained simulated annealing with a total of 4000 steps. Of these, 800 were high-temperature steps, followed by 3200 steps with slow cooling. The temperature is defined in dyana as units of the target function per degree of freedom. Finally, 1000 steps of conjugate gradient minimization were performed. The ensemble of 16 structures of Ent. faecalis HPr was selected with regard to minimal penalty function, correct Ramachandran angles, and low NOE violations. The quality of the structures was checked with the program procheck [43] . The NMR structures are deposited in the RSCB database under the accession number 1QFR.
R E S U L T S A N D D I S C U S S I O N

Spectral assignments
Most sequential assignments of Ent. faecalis HPr were achieved with standard 1 H-1 H homonuclear techniques, all of which have been well documented [38] . Unambiguous assignments were made for all protons; the chemical shifts have been published [28] and are deposited in the BioMagRes Database (entry No. BMRB 4774). Overlap hampered this approach in the highly crowded region involving H N -H a cross-peaks of residues 34±37, where data from a 3D TOCSY-NOESY spectrum [34] was evaluated. Assignment of the NOESY spectra was assisted by a semiautomated approach of back calculation of NOESY spectra from the co-ordinates of low-resolution structures that were calculated using the unambiguosly assigned cross-peaks and by comparison of these with the recorded data. This allowed us to check whether cross-peaks in the crowded regions were assigned correctly. Altogether, 1469 NOESY signals could thus unambiguously be assigned and converted into distances for use in the refined structure calculations (Table 1 ). An additional 44 DQF-COSYderived f-angle constraints led to an average of 15.5 constraints per residue, making a high-resolution structure possible, despite the lack of isotopic labeling.
Determination of the 3D structure of HPr
Structures were calculated using angular simulated annealing and dynamics. Using a standard annealing strategy, 440 structures were calculated. All structures calculated showed the same (correct) general topology, indicating the good convergence of the algorithm used by dyana. Out of this ensemble, a set of the 16 structures with the lowest target function was used for further analysis. HPr from Ent. faecalis has a similar overall fold to that found in HPrs from other organisms. Figure 1 shows the overlay of the backbone trace using a root mean square displacement (rmsd) fit routine implemented in the program molmol [43] . Data used for structure calculations and characterizing the quality of the structures obtained are summarized in Table 1 .
An rmsd of 0.045 nm for the backbone heavy atoms and 0.092 nm for all heavy atoms averaged over the whole sequence indicates a well defined structure. The backbone heavy atom rmsd values of the X-ray crystal structure to the best NMR structure are also quite low, at 0.163 nm.
The spatial arrangement of the secondary-structure elements is shown in Fig. 2 Strand A of the sheet is connected by an irregular loop region L1 to helix a. This loop contains the active site of HPr and H15, which is transiently phosphorylated during the phosphotransfer reaction. The histidine ring rests on the top of the first helix with its phosphorylation site N d1 oriented towards the protein surface. (Depending on the definition of the helix, residues 16 and 17 may be assumed to be part of helix a as sometimes done in the literature.) Helix a is connected to strand B by the short loop L2. A b-turn L3 links strand B to strand C, which in turn is connected to helix b by loop L4. The short a helix b is preceded by S46, the regulatory residue phosphorylated by the HPr kinase/phosphatase [2±4, 44] . When this residue is phosphorylated, the phosphotransferase activity is supressed. NMR data from B. subtilis indicate that simultaneously the helix is stabilized by phosphorylation [45] . Loop L5 finally connects helix b to strand D, which is linked to the terminal helix c by the short loop L6. From our NMR data, all but the C-terminal region from residues 84±89 can be regarded as well defined. In some of the calculated structures, the last two residues of helix c are in a 3±10 conformation. The remaining four residues do not have a characteristic secondary structure.
The quality of an NMR structure is usually assessed by calculating the rmsd values of the structure ensemble obtained. Apart from the global comparison of the structures in the ensemble by means of average rmsd values, the local structure can be analysed in terms of sequence-dependent rmsd values, which give information about the precision of the co-ordinates in Cartesian space. Even more localized information can be obtained in the torsional angle space. However, for periodic quantities, the definition of mean values and standard deviations is not trivial. Recently we introduced a method for calculating these quantities, which we called circular mean ,x. c and circular standard deviation s c [46] . Figure 3 shows the s c values of the backbone f angles obtained together with the sequence-dependent rmsds obtained for the 16 best NMR structures also used for the description of the quality of the calculated ensemble.
The s c values are expected to emphasize local differences. Altogether the rmsd values are quite small, corresponding to most circular standard deviations being smaller than 5 8. The global character of the rmsd leads to broad maxima in Fig. 3 , whereas the description via the dihedral angles (in this case f and c) indicates local differences between the structures, emphasizing relatively large local differences between directly neighboring residues. The circular standard deviation is large (. 15 8) at the N-terminus and C-terminus, in loop L1 with a maximum at position 11, at the end of loop L2 (with a maximum in position 33 located at the beginning of the b-strand B) and in loop L6 at position 68, indicating that here the local structure is not well defined. These features are also found in the cartesian rmsd values (Fig. 3) . However, here additional maxima can be detected around position 16 and encompassing the regulatory helix, although the local order defined by s c is rather good. This suggests that here the global orientation of the structure elements varies considerably. This can be seen more clearly in the 3D structure of HPr with the spline representation of both the averaged circular standard deviation of the f angles and rmsd of the backbone heavy atoms (Fig. 4) .
The differences between the local structure variations and global variations can be easily visualized. In particular, the differences between s c and the rmsd in the active-center loop L1 and in the regulatory helix are conspicuous, reflecting local fluctuations due to the existence of more than one conformation in dynamic equilibrium. At least in HPr phosphorylated at the regulatory S46, such an effect has been proved directly by 31 P-NMR spectroscopy, which shows two distinct conformational states around this residue [28] .
Comparison of the NMR and crystal structure of HPr from Ent. faecalis Overall, the solution structure of HPr from Ent. faecalis is similar to the crystal structure in terms of secondarystructure elements and their orientation relative to one another. The location of the canonical secondary-structure elements in the sequence obtained from analysis of the crystal structure and 16 averaged NMR structures with the Kabsch-Sander algorithm [47] is identical. The only exceptions are strand C and helix b with one and two more residues in the X-ray structure, respectively. From our NMR data, all but the C-terminal region from residues 84±89 can be regarded as well defined. This corresponds very well to the results from the X-ray diffraction, where in the crystalline state residues 85±89 were not visible in the electron-density map. The pairwise rmsd for the backbone heavy atoms of the mean of the 16 NMR structures to the crystal structure is 0.164 nm. This means that the crystal structure is similar to the solution structure but nevertheless exhibits significant differences.
The active-site H15 is located in loop L1, and its imidazole ring rests in a planar orientation on the top of helix a (Fig. 5 ). In the NMR structure, the position of the histidine ring relative to helix a is well defined; its orientation is clearly different from that found in the X-ray structure (see below).
For the regulatory helix b, we also found small deviations when comparing this region of the NMR structure with the crystal structure. The axis tilt differs from that of the X-ray structure and is oriented more outward towards the solvent than in the crystal structure. This change comes together with a reorientation of the short third strand C. This suggests that, in the crystal structure, crystal contacts could be forcing helix b inward, whereas in solution it is not restrained from tilting outwards into the solvent.
By back calculation of NOESY spectra on the basis of the complete relaxation matrix formalism, one can check whether a proposed structure is consistent with experimental data. As the X-ray structure is different from the NMR structure in important details, we used this method to decide whether the conformation of the active-center loop in the crystal structure also exists in solution. From the 2 H 2 O NOESY spectra, where the NOE cross-peaks originating from the proximity of the H15 ring protons are not overlapped with signals from amide protons, unambiguous NOEs could be identified and allowed us to determine the position of the H15 ring with relative accuracy. The most striking (but not only) difference to the X-ray structure is the orientation of the H15 ring. In the NMR structure, it lies on top of helix a forming an N-cap to the helix [48] . This is consistent with findings in the structures of HPr from other organisms determined both by NMR and X-ray crystallography. This orientation is postulated to be due to a stabilization effect of the helix dipole of helix a [17, 49, 50] . In the X-ray structure of HPr from Ent. faecalis, the H15 ring is oriented in a different direction, pointing towards the small helix b. Figure 6 shows a characteristic part of the 2D NOESY spectra back calculated with the co-ordinates from the best NMR structure and the crystal structure. For a realistic comparison with the experimental 800-MHz NOESY spectrum The local structure around the active-center histidine is reflected in the cross-peak patterns assignable to contacts of the H15 imidazole H :1 and H d2 with other protons in the vicinity. The experimental spectrum shows a characteristic pattern of NOE cross-peaks, indicating the close contacts of the imidazole ring H :1 proton to the H g protons of T12, the H b and H g protons of R17, and to H g and H d of P18 (Fig. 6A) . The boxed region highlights these connectivities. Figure 6B shows the same region in the back-calculated spectrum using the NMR co-ordinates. As expected for a structure consistent with recorded data, these spectra are quite similar, clearly indicating that, in solution, a conformer with the H15 ring lying on top of the first helix is predominant. Figure 6C shows the spectrum simulated with co-ordinates from the published crystal structure.
By comparing directly the proton±proton distances in the X-ray structure (with the protons added) and the structure calculated from NMR data (Table 3) , it is clear that the two structures should produce significantly different NOESY spectra. The differences, especially the missing contacts between the H :1 of H15 and H g and H d of P18 in the X-ray structure, reflect the different orientation found in the crystalline state. This certainly does not indicate that the crystal structure is wrong, but allows the conclusion that a reorientation of H15 takes place in aqueous solution. This may be caused by pH effects, because the crystals of Ent. faecalis HPr have been grown in citrate buffer at pH 5.8, in contrast with our NMR structure, which is determined at pH 7.4. As has been shown previously [10] , the pK a of H15 is 6.1. Therefore, the imidazole ring is not protonated at physiological pH in solution, but is probably positively charged under the conditions in which the crystals were grown. A comparison of the backbone dihedral angles of loop L1 in the crystal structure with the mean angles calculated from the solution structures confirms that loop L1 has a different conformation in solution.
If pH were a dominant factor, the NMR structures of E. coli and B. subtilis would represent intermediate states; the E. coli structure [24] was solved at pH 6.5, the B. subtilis structure at pH 6.9 [17] . The structures expected should be closer to our NMR structure because, with the higher pH used in the average time, the molecular species with a positive charge at the histidine ring should greatly decrease. Indeed, these structures show a similar position of the imidazole ring to that described here. 
Torsional angle strain in the active-center loop
The well-resolved crystal structure of HPr from Ent. faecalis [18, 19] (0.16-nm resolution) shows an energetically unfavorable (f,c) angle combination at position 16 with the imidazole ring system of active-center histidine (His15) located in a position rather distant from the N-terminus of helix a. The authors suggested that the torsional strain in the active-center loop of the protein observed is an important structural property and may facilitate the phospho-transfer reaction. Because this was an interesting idea, van Nuland et al. [24] wanted to check if this torsional strain would exist in solution. At that time, no solution NMR data were available for HPr from Ent. faecalis, therefore they used HPr from E. coli, the solution NMR structure of which they had solved previously. Using time-averaged distance restraints in the molecular-dynamics calculations, the torsional angle strain could not be reproduced in solution for this protein, a result interpreted as evidence that the torsional strain may be due to the crystallization conditions used in the determination of the X-ray structure of HPr from Ent. faecalis. However, the NMR data of phosphorylated HPr from E. coli indicated a torsional angle strain at position 15 [26] . A subsequent NMR structural determination of phosphorylated HPr from B. subtilis indicated that in the phosphorylated state also no unfavorable backbone torsion angle exists [27] . These apparently contradictory results do not indicate errors in the X-ray or the NMR results. The question of whether the torsional strain observed in the crystal structure of HPr from Ent. faecalis also exists in solution in HPr from Ent. faecalis cannot be answered by studying proteins with clearly different amino-acid compositions (the sequence identity of HPr from Ent. faecalis with that from E. coli is only 35%, and with that from B. subtilis is 60%) because conformational equilibria in solution are usually very sensitive to changes in the amino-acid composition. A well-studied system is the Ras system in which the exchange of one or a few amino acids in the effector loop influences the conformational equilibrium observed in Fig. 6 . Comparison of the experimental 150 ms mixing time NOESY in D 2 O (A) with the NOESY spectrum back calculated from the NMR structure co-ordinates (B) and the NOESY spectrum back calculated from the X-ray structure co-ordinates (C). The boxed region in all spectra highlights peaks originating from spatial proximity of the histidine imidazole ring proton H :1 to protons of residues in the active site (T12, R17, and P18). solution a lot [51, 52] . As an example, substitution of T35 with a serine or alanine leads to the complete disappearance of one of the two conformational states detected by 31 P-NMR spectroscopy. Therefore, the NMR data published indicate that, in solution, the dominant conformation of HPr from B. subtilis and E. coli does not exhibit a torsional angle strain, but this could exist after phosphorylation in HPr from E. coli. Our detailed analysis of data from HPr from Ent. faecalis proves that the conformation observed in the crystalline state does not exist in solution in higher concentrations, as we showed earlier for a single dihedral angle by measuring the 3 J HN-Ha -coupling constant of A16. However, our data and the data for other HPrs cannot exclude the occurrence of such a conformation in the equilibrium in a relatively low concentration. Indeed, the requirement of the active-center loop to adapt to the surface of different interacting proteins would make the existence of different conformational states in solution likely [53] .
Conclusion
Despite large differences in primary structure, HPr from Ent. faecalis has the same overall fold as HPrs from other organisms. However, the comparison of the crystal structure and the solution structure of HPr from Ent. faecalis clearly shows important structural differences in regions assumed to be involved in protein±protein interaction. The back calculation shows clearly that the strained structure found in the crystals of HPr from Ent. faecalis does not exist in high proportion in solution as has also been shown from NMR data of HPr from B. subtilis [27] and moleculardynamics calculations using time-averaged NMR restraints on HPr from E. coli [24] .
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